Nicotiana benthamiana plants were transformed by means of Agrobacterium tumefaciens carrying various constructs to test for resistance for BWYV (Beet western yellows virus), the constructs used included either the viral replicase (ORF1/2), one of two smaller sequences involving the 5¢ and 3¢ ends (5¢3¢S and 5¢3¢AS) of the viral genome of BWYV. According to different criteria such as ELISA, PCR, growth under kanamycin selection at 200 mg l )1 and phenotype some lines were chosen as candidates to be tested for resistance against BWYV. Five lines of each construct were randomly selected. These lines were analysed by Northern blot for expression of the transgene of interest and/or the nptII gene. Greenhouse resistance tests were performed in 15 transgenic N. benthamiana lines (5 per construct) and in two controls. The transgenic plantlets were transferred to the greenhouse and 20 plants from each line were inoculated with BWYV using the natural vector Myzus persicae, while other 20 were kept as uninoculated control. At 4, 6 and 8 weeks post-infection (wpi) a BWYV ELISA of the inoculated plants was carried out and the height of each plant was measured, while the weight was determined at the end of the experiment. None of the transgenic lines tested showed resistance to the virus.
Introduction
It is estimated that about 10% of the world crop production is lost annually due to viral, bacterial or fungal diseases (Matthews, 1992) . Three main strategies have been used to control viral diseases, -removal of virus reservoirs -elimination of the disease transmission vectors -and production of virus resistant cultivars (Matthews, 1992) .
The eradication of infected plants and the use of virus-free starting material require methods for early detection and which can be very expensive and can be damaging to the environment and consumers health (van den Boogaart et al., 1998) . As an alternative the production of virus-resistant cultivars has increased in the last years, either by traditional methods or using genetic engineering. Powell-Abel et al. (1986) suggested that crossprotection could be engendered in plants as the result of the expression of a single viral gene, instead of infection with an intact virus.
The use of virus resistant transgenic crops has several advantages, i.e. it is possible to introduce virus resistance in susceptible varieties without affecting the intrinsic properties of that cultivar. It provides an alternative source of virus resistance, which is of particular utility when a host resistance is either unavailable or of difficult access. From the environmental point of view it would greatly reduce the use of pesticides, normally applied for the control of virus vectors. Despite these advantages, many authors have pointed that care must be taken before releasing these plants into the field (reviewed by Hull, 1998; Aaziz and Tepfer, 1999; Rubio et al., 1999) . There is some discussion among potential risks associated with virus-derived resistance, transgene escape, gene flow between crops and wild plants or soil bacteria. Recombination and complementation are of most concern.
Luteoviruses are an important family of viruses, which can infect a wide range of hosts, causing important losses in agriculture. The family Luteoviridae was proposed (D'Arcy and Mayo, 1997), allowing to classify each of the two former subgroups of the genus Luteovirus in two new genera Luteovirus (MAV) and Polerovirus (BWYV or PLRV) (Martelli, 1997; Fauquet and Mayo, 1999; Pringle, 1999) . The virus is probably distributed world wide, it spreads systemically, has a wide host range, infecting more than 150 species in 23 dicotyledonous families, including economically important crops such as Spinacia oleracea, Laetuca sativa and Brassica napus. The genome of luteoviruses comprises a single stranded RNA molecule of positive polarity. The 5¢ end the viral RNA is covalently bound to a genome linked protein (VPg). The complete genome of BWYV has been determined (Veidt et al.,1992; Reutnauer et al., 1993; Ziegler-Graff et al., 1996) . It consists of ca. 5,600 nucleotides, which are arranged in 6 open reading frames (ORF0-ORF5, Figure 1) .
It is interesting to note that up to date no resistance against luteoviruses has been found. It has been postulated that the inhibiting RNA or CP are not present in cells where these viruses replicate (de Haan, 1998) . Although many attempts have been made using the coat protein (CP) of potato leafroll virus (PLRV), the results of these studies only show a lower average value of the ELISA from some transgenic plants compared to those observed in the infected controls. Gielen et al. (1996) transformed lettuce plants with the CP of BWYV, but unfortunately no resistance was observed in any of the lines tested.
Since resistance obtained in transgenic plants transformed with the viral polymerase gene as target seems to be more effective than the one observed by CP, the viral polymerase gene of BWYV, encoded by ORF1 and ORF2 was used to transform N. benthamiana plants. At the same time two smaller constructs, which contained the first 400 bp from ORF0 and the last 100 bp of the 3¢ end, in sense or antisense orientation were cloned. The main objective of these constructs, was that they could interfere with the viral polymerase, when infected with BWYV, since these fragments should be expressed at low levels in the cell and therefore recognised as the ends to which the polymerase attaches to. Transgenic plants were inoculated with BWYV, with the green peach aphid (Myzus persicae) as vector to test for viral resistance under greenhouse conditions.
Materials and methods

Construct of expression vectors
pSV ORF1/2. The entire ORF1 and ORF2 from BWYV were synthesised by PCR and the full length genome of BWYV as template (kindly provided by E. Mass). The primers employed were 5¢CCACCATGGATTTCAGAATTGATATTTT TCTTCG3¢ and 5¢GCGGATCCTTACTCCCTG GATATCTTTTGTGG3¢, respectively. The resulting PCR product (3,100 bp) was inserted into a ,modified pCK GFP S56C vector. The plasmid was digested with HindIII resulting in a 4,100 bp cassette, which contained the two times enhanced 35S CaMV promoter, the ORF1/2 insert and the polyA sequence. The complete cassette was inserted in the binary vector pBin19, using the HindIII site and further transferred to A. tumefaciens by electroporation.
pSV 5¢3¢AS and pSV 5¢3¢S. For the cloning of these fragments the full length clone of BWYV was used as template and the corresponding primers (.5¢GCGGGATCCACAAAAGAAGAAACC AGGAGGGAATCC3¢ and 5¢GCGGGATCCAA CCAGGCACAAAGCTCTGGTTCGG3¢ for ORF0 and for ORF5 5¢CGCTCTAGAGTCAAGCCA GAGACATTAAACTGG3¢ and 5¢GCCCTGCA GACACCGAAGTGCCGTAGGGAGTTATCC3¢, respectively). The resulting 100 bp fragment of the 3¢ end was inserted in the pFF19G vector, between the 35S CaMV promoter and polyA sequence, resulting in the vector pFF19 3¢. This vector was further digested with BamHI, and the 5¢ end fragment (400 bp) was ligated, which, due to the fact that both ends, i.e. 5¢ and 3¢ end had a BamHI site, it could be inserted in sense or antisense orientation, giving rise to either 5¢3¢S pFF19 or 5¢3¢AS pFF19. The vectors were digested with HindIII and NcoI resulting in a 1,400-bp fragment, which contained the 35S CaMV promoter, the corresponding fragment, and the polyA sequence, derived from CaMV. The fragment was inserted in the binary vector pBin19. These vectors were transferred to A. tumefaciens by electroporation.
Plant transformation
N. benthamiana were transformed with Agrobacterium tumefaciens, containing either pSV ORF1/ 2, pSV 5¢3¢AS, pSV 5¢3¢S or pBin19, using the leaf disc method (Horsch et al., 1985) .
Greenhouse resistance tests
To test for resistance against BWYV, five transgenic N. benthamiana lines from each construct were selected. As susceptible controls for virus infection, two lines of N. benthamiana plants transformed with the pBin19 plasmid alone were used (vector control), as well as untransformed N. benthamiana plants. When plantlets had developed their first 4 to 5 fully expanded leaves 20 of them, which had similar size were infected with BWYV, by means of Myzus persicae as a vector; while the other set containing 20 plants was left as healthy control. Aphids were allowed to feed from the plants for 3 days. Plants were allowed to develop for further 8 weeks under the greenhouse conditions. Leaf samples from each infected plant of all lines tested were taken at 4, 6 and 8 wpi to perform BWYV-ELISA analyses, using a BWYV specific antiserum. Samples of three healthy randomly selected plants from each line were collected at the same time, to assure that no virus was present in the healthy control. The height of each plant (infected and healthy) was measured at the same sampling periods, and the final weight was determined for each plant at the end of the experiment (8 wpi).
ELISA
TAS BWYV ELISA
The presence of viral antigen in transgenic plants was analysed by standard TAS ELISA. To perform TAS ELISA, 100 mg of leaf material was homogenised in sample buffer (PBS, Tween 20, and NaN 3 , pH 7.4). Polyclonal antiserum raised the coat protein of BWYV isolated from Physalis floridana was used as the primary antibody. The microtitre plates (Greiner) were coated with IgG-BWYV (1/500 in coating buffer, Na 2 CO 3 , NaHCO 3 , NaN 3 , pH 9.6) for 4 h and after washing three times with PBS-Tween, samples were incubated overnight at 4°C. After washing the plate three times with PBS-Tween and blocked with defatted milk (30 min, 37°C), it was incubated with Mab5G4 (diluted 1/1000 in sample buffer) and then by rabbit anti-mouse antibody (1/1000, diluted in PBS) alkaline phosphatase conjugated. As substrate p-nitrophenylphosphate was used. After allowing 30 min for colour development, the plate was read at 405 nm. Each microtitre plate had the corresponding negative controls (uninoculated transformed N. benthamiana and non-transformed N. benthamiana plant extract).
NPTII ELISA
To measure the expression of the nptII gene from the transformed plants an NPTII ELISA was done following the kit protocol (5 Prime -3 Prime Incä #5307-610101). The starting material corresponded to 100 mg of fresh leaf which was ground in 3 ml of sample buffer (PBS-Tween 20). Due to the fact that transformed cells can contain a wide range of NPTII protein, dilutions were made to assure that their concentration was in the linear range of the kit. For this purpose the protein concentration of each sample was adjusted to 400 ug ml )1 by using the BCA Protein Assay Kit ä (#23255) Pierce. A standard NPTII curve was included for each NPTII ELISA assay. Protein concentration was estimated using the BCA Protein Assay Kit ä (#23255).
DNA and RNA analysis
Genomic DNA was extracted using a Dneasy plant DNA extraction kit, according to the manufacturer's instruction. Southern blot was carried out using a nylon membrane (Boerinher Mannheim, Germany). Probes employed correponded to 5¢GCAAGGCGAGACAGAAGACG3¢ and 5¢CCACCATGGATTTCAGAATTGATAT TTTTCTTCG3¢ for the ORF1/2 (nt 623-642, fragment size 460 bp). RNA extraction from leaves was performed using a Rneasy extraction kit (Qiagen). The same probes used for Southern blot were employed.
Results
The objective of this study was to search for resistance against BWYV. For this purpose N. benthamiana plants were transformed by the A. tumefaciens leaf disc method. The viral replicase gene, encoded by ORF1 and ORF2 from the viral genome, was used as target to generate transgenic plants. In parallel, two smaller non-translatable fragments, containing the 5¢ end and the 3¢ end of the viral genome were cloned, transferred to plants and tested for the possibility of conferring resistance against BWYV. Before transferring the Kmresistant plantlets to the greenhouse, they were assayed by NPTII ELISA. The levels of NPTII expression determined for the different transgenic plantlets tested varied between 0.4 and 4.3ng mg )1 protein. Plants that had NPTII expression levels below 0.3 ng mg )1 protein were considered negative. About 90% of the total plantlets assayed were positive. Of the total, 50 plantlets contained the ORF1/2 sequence while 20 and 24 lines with the 5¢3¢S and 5¢3¢AS construct were generated, respectively. Sixteen plants contained the T-DNA region of the vector, i.e. plants which were only transformed with the binary vector pBin19. Lines which were selected to carry out further studies are shown in Table 1 .
Northern Blot
After transfer and detection of the total RNA with a chemiluminescent kit, a single band of the expected size was found for each construct, indicating that the transgene was being expressed. No band was detected in the negative control. In Table 1 . Classification of lines employed in this study
Construct
Line SV N°O RF1/2 98, 108, 110, 112, 117 5¢3¢AS 28, 77, 86, 93, 125 5¢3¢S 31, 33, 88, 134, 135 Kp 158, 138 Kp refers to the control transgenic N. benthamiana, transformed with the vector not containing the insert.
some cases a smaller band was also observed, which could be degradation products of the transgenic mRNA. Variable levels of expression of the transgene as determined by the intensity of the band were detected. As seen in Figure 2 , ORF1/2 lines SV 98, SV 110 and SV 112 were high expressors of the viral transgene. Lines SV 87, SV 108 and SV 117 were low expressors (as determined in the original blot, but due to scanning, it can not be clearly seen in Figure 2 ).
Greenhouse resistance tests
Two greenhouse resistance tests were performed to assay for BWYV resistance in some of the transgenic N. benthamiana lines produced. Plants were inoculated with the virus by means of the green peach aphid (Myzus persicae).
Transgenic plants developed their first leaves after ca. 3-4 weeks on MS medium containing Km (200 mg l )1 ). They were transferred to pots and kept in the greenhouse. About 60-80 plants from each line were distributed in two sets. One set was inoculated with BWYV and the other used as uninoculated control. Random leaf samples from T2 seedlings of each line tested were assayed by NPTII ELISA for the product of the nptII gene. The presence of the integrated viral DNA insert in these T2 plants was positively verified by PCR analysis of genomic DNA, excluding any loss of the transgene in the segregation population of T2 seedlings (data not shown). Plants grew normally, showing no differences compared to the non-transformed control.
Leaf discs from three different levels (top, middle and bottom) from every viral infected plant were collected and immediately ground in sample buffer (PBS, Tween). In a few cases plants had a small number of leaves, therefore only a single leaf disk was collected.
During the two greenhouse resistance test plants were kept in the greenhouse with a daily temperature of 23°C for 18 h and 16°C for 6 h at night. Under these conditions, transgenic and non-transformed N. benthamiana plants showed normal growth and development during the 8 weeks of the experiment. No symptoms due to other diseases or nutritional deficiency in the N. benthamiana plants could be observed.
According to the results of ELISA at 4 wpi for each experiment it was found that 100% of the total virus challenged plants of the controls were infected by BWYV. These results were confirmed when performing this assay with leaf samples taken at 6 and 8 wpi.
Of the ORF1/2 lines, SV 117, SV 108 and SV 98 showed a slight resistance to viral inoculation as determined by ELISA and height measured at 4, 6 and 8 wpi. On the other hand, lines SV 110 and SV 112 behaved similar to the infected controls developing typical viral symptoms due to BWYV (Figure 3a) .
For plants transformed with the 5¢3¢S construct the results of DAS ELISA showed that, in line SV 108, 12 out of the 20 (60%) virus infected plants tested had lower OD 405 values at 8 wpi than those detected at 4 and 6 wpi for the same plants. The same could be observed for lines SV 117 and SV 98 in which 17 and 14 of the total plants tested (representing 85 and 70% of the total virus infected plants, respectively) had lower OD 405 at 8 wpi than at 4 or 6 wpi. Interestingly, the rest of the virus inoculated plants of these lines behaved similar to the infected controls.
Low average OD 405 readings in BWYV inoculated plants of line SV 33 at 4 wpi were found. These values tended to increase slightly at 6 wpi representing ca. 25% of those determined for the infected controls. OD 405 readings at 6 and 8 wpi were similar in these plants, but in the latter it represented a ca. 6 times reduction compared to the infected controls. Although average OD 405 readings at 6 and 8 wpi of this line were similar, the analysis of individual data of the inoculated plants showed that values tended to decrease in most cases.
Lines SV 77 and SV 93 had average OD 405 readings at 6 wpi below those observed in the infected controls. The analysis of the BWYV ELISA data determined at 8 wpi showed that only line SV 77 kept relatively low average values, which represented ca. 25% of the average from the infected controls. No differences in the average final OD 405 readings of the other four 5¢3¢AS lines and both infected controls tested were found. In all cases these values increased with time.
Second greenhouse assay
All ORF1/2 lines assayed were susceptible to BWYV as determined by ELISA at 4, 6 and 8 wpi. No major differences between these results and those of the infected controls tested at the same sampling times were found. Lines SV 110 and SV 112 had relatively low average OD 405 readings at all times analysed, which are similar to the results found in the first resistance test, although in the latter it was only observed at 4 and 6 wpi.
The results of BWYV ELISA in this second greenhouse resistance test showed that all 5¢3¢S and 5¢3¢AS lines tested were susceptible to BWYV. The average OD 405 readings at 4 wpi of virus inoculated plants of the transgenic and the control lines tested were similar. No major differences were found in the ELISA data at 6 and 8 wpi. The results of ELISA at 4 wpi showed that almost all transgenic lines assayed had similar OD 405 readings to those of the infected controls. These OD 405 values increased with time, indicating that all lines were susceptible to BWYV. The virus infected plants of line SV 77 tended to keep a constant low average ELISA at all times tested. At the end of the experiment this value was 30% of that observed in the infected non-transformed and vector transformed N. benthamiana plants. All other transgenic lines tested had average ELISA values similar to the virus infected controls at the end of the experiment.
Correlation between ELISA and final height
Stunting is a characteristic symptom caused by viral infection and therefore also observed in BWYV infected plants. In this study infected plants showed different degrees of stunting in both resistance tests. No significant correlation between the data of BWYV ELISA for each infected plant of all the lines tested and the final height reached by each of them could be found. In most cases, high viral titres as assessed by ELISA were present in plants which reached 'normal height' and did not show severe viral symptoms. On the other hand, some plants which clearly showed viral symptoms had low OD 405 readings ( Figure 3) . As seen in Figure 3 , a negative correlation can be found among ELISA values and final height of the plants at 8 wpi.
In part this phenomenon could be due to the sampling of the different inoculated plants, where leaves can contain different amounts of virus. However, this was apparently not the case since leaf discs from three different levels of the plant were taken for each sampling. There were only few exceptions where this could not be done, where due to a strong viral infection, plants had very little amounts of leaf material.
Discussion
In the present study N. benthamiana plants were transformed with three different viral transgenes derived from BWYV, ORF1/2, 5¢3¢AS and 5¢3¢S. The response of plants challenged with BWYV by means of green peach aphids was tested.
The results clearly showed that none of the 15 transgenic lines tested was resistant to viral infection. The sequence encoding the 5¢3¢AS did not yield resistant plants. Some transformed plants of 5 transgenic lines containing either the 5¢3¢S or the ORF1/2 sequences seemed to have a weak protection against BWYV. The virus amount in these plants was significantly reduced compared to the infected controls as assessed by ELISA. The final height and weight were comparable to the uninoculated controls.
In both resistance tests, the final height of the uninoculated plants of lines SV 88, SV 125, SV 110 and SV 112 was below the average of the other transgenic and control lines tested (by ca. 20%), despite the ELISA values observed. There was no significant intra or intergroup variation in the height and weight of uninoculated plants of the other lines tested. On the other hand, evident differences in the final height and weight of inoculated plants of all the transgenic lines tested for resistance were found.
A lack of correlation between the degree of resistance and the expression level of the transgene has been observed in many reports (Braun and Hemenway, 1992; Longstaff et al., 1993; Silva-Rosales et al., 1994; Sinisterra, 1999) . In these cases, the type of resistance has been referred to as RNA-mediated. It is also characterised by a lack of dependence upon inoculum dose and a narrow spectrum of protection, often associated with the presence of multiple copies of the transgene or transgene tandem repeats.
The method of inoculation used to infect N. benthamiana plants in our experiments is similar to the way in which the virus infects plants in the fields. In the case of aphid transmitted viruses it is always difficult to measure the efficiency and initial virus amount transmitted to plants and therefore to know if a single plant was infected. In most studies it is assumed that when the controls show 100% of infection, the viral transmission was successful for the transgenic lines tested in parallel. The amount of luteoviruses has been reported to vary among different leaves on the same plant (Pereira and Lister, 1989; Mowry, 1995) . This effect was minimised in this study by taking leaf discs from three different levels of each BWYV inoculated plant. Despite this sampling method, a large variability in the data from BWYV ELISA was found within each line assayed, which was less evident in the infected controls (Figure 3 ). This variability has also been observed in other studies with luteoviruses, where a considerable variation in OD 405 from plant to plant was found (Presting, et al., 1995; Bruye`re et al., 1997; Graham et al., 1997) . This may reflect differences in the amount of inoculum originally delivered by aphids and/or differences in the rate of spread of the virus within the plant from the initial site(s) of infection (Bruye`re et al., 1997) . It can as well be assumed that slight differences in the physiology of plantlets during or following inoculation may play an important role (Presting et al., 1995) .
In the literature a few examples of correlation between ELISA and damage found in inoculated plants has been described. Presting et al. (1995) transformed potatoes with the CP of PLRV and challenged them with the virus using green peach aphids. They found that the PLRV titre as assayed by ELISA was reflected by plant appearance. The authors assumed that the high light intensity and warm temperatures employed in the greenhouse promoted symptom expression. Tenllado et al. (1996) (1991) observed that the CP of PLRV protects potatoes from infection with the virus. This study showed that the average ELISA values from some of the transgenic lines were diminished when comparing them to the infected controls (4 to 10 times). The number of plants tested was relatively low and at the same time no vector transformed line was included as control. In another study done by Presting et al. (1995) using CP PLRV transgenic potatoes, they observed that the vector controls challenged with the virus showed as well lower viral titers as assayed by ELISA than the untransformed plants. Therefore a somaclonal variation could have taken place. The authors postulated that the interaction between a phloem-limited virus and its host can be disrupted by a number of slight modifications to the plant growth pattern or physiology. Somaclonal variation was described in potatoes which were induced by regeneration via a callus phase (Potter and Jones, 1991) . Tacke et al. (1996) transformed potatoes with the MP of PLRV and obtained a broad-spectrum resistance against virus infection, once again the resistance was measured as decrease in ELISA values. Resistance against BWYV has been tested in lettuce using the CP either in sense or antisense orientation (Gielen et al., 1994 ). In all lines tested no differences in ELISA values between the transgenic lines and the inoculated controls were found, therefore these constructs did not confer resistance against the virus.
In summary it is difficult to compare these results with those obtained by others. First, most of the resistant transgenic plants obtained up to date contain viral sequences from non-phloemicspecific RNA viruses. In a few cases sequences from DNA viruses, which are phloem-specific (i.e. geminiviruses) have been used to transform plants and tested for resistance. Of the luteoviruses only PLRV has been tested for resistance in potatoes, although no immunity has been obtained, lower viral replication can be found as assessed by ELISA. Second, most greenhouse resistance tests have been performed with mechanical inoculation of the virus, only in a few studies vectors carrying the virus have been used. Finally, in some cases no vector-transformed line has been included as susceptible control, so it can be questioned if the resistance obtained is due to the viral insert or to a somaclonal variation.
It must be emphasised that only a small proportion of the total transgenic plants generated were tested for resistance in this study. Therefore it could be interesting to analyse the behaviour of the remaining lines, especially those containing either the ORF1/2 or the 5¢3¢S viral fragment, since they showed a stronger response to virus inoculation than the controls. In general when testing for resistance large numbers of transgenic lines must be analysed before ruling out the possibility that resistance is not conferred by a particular construct (Palukaitis and Zaitlin, 1997) . As an example, Lomonossoff (1995) found resistant plants carrying the 54-kDa sequence of PEBV, while MacFarlane and Davies (1992) found no resistance in transgenic plants expressing truncated versions of PEBV 54-kDa sequences which may have been a consequence of examining few lines.
